Tissue inhibitor of metalloproteinase-3 (TIMP-3) is a component of the extracellular environment, where it mediates diverse processes including matrix regulation/turnover, inflammation and angiogenesis. Rare TIMP-3 risk alleles and mutations are directly linked with retinopathies such as age-related macular degeneration (AMD) and Sorsby fundus dystrophy, and potentially, through indirect mechanisms, with Alzheimer's disease. Insights into TIMP-3 activities may be gleaned from studying Sorsby-linked mutations. However, recent findings do not fully support the prevailing hypothesis that a gain of function through the dimerisation of mutated TIMP-3 is responsible for retinopathy. Findings from Alzheimer's patients suggest a hitherto poorly studied relationship between TIMP-3 and the Alzheimer's-linked amyloid-beta (Aβ) proteins that warrant further scrutiny. This may also have implications for understanding AMD as aged/diseased retinae contain high levels of Aβ. Findings from TIMP-3 knockout and mutant knock-in mice have not led to new treatments, particularly as the latter does not satisfactorily recapitulate the Sorsby phenotype. However, recent advances in stem cell and in vitro approaches offer novel insights into understanding TIMP-3 pathology in the retina-brain axis, which has so far not been collectively examined. We propose that TIMP-3 activities could extend beyond its hitherto supposed functions to cause age-related changes and disease in these organs.
Introduction
Tissue inhibitors of metalloproteinases (TIMPs) are proteins expressed ubiquitously in the body which play important roles through their ability to reversibly inhibit enzymes belonging to the zinc protease superfamily, predominantly matrix metalloproteinases (MMPs) and a disintegrin and metalloproteases (ADAMs) [1] . The TIMP family consists of four members: TIMP-1, -2, -3 and -4. Whilst TIMPs are widely regarded as broad-range MMP inhibitors, each protein exhibits differences in their specificity. TIMP-3, the focus of this review, is found in chromosome 22q12.3 and is nested within an intron of the gene synapsin 3 (SYN3); a feature shared with TIMP-1 and TIMP-4 which are located within introns of synapsin 1 (SYN1) and synapsin 2 (SYN2), respectively [1] . TIMP-2 however, is not associated with any of the synapsin genes. The relationship between synapsin and TIMPs appears to be evolutionarily conserved, having been identified in the fruit fly (Drosophila melanogaster) and the tiger blowfish (Fugu rubripes) [2] , although its nature is yet to be elucidated. There is also considerable conservation in the amino acid structure of TIMP family members. Each protein contains an N-terminal domain of approximately 125 amino acids and a C-terminal domain of 64 amino acids, with each domain stabilised by three disulphide bonds that form between conserved cysteine residues [1, 3] . TIMP-3 is considered to have a predominantly extracellular role, as the protein is capable of binding to the extracellular matrix (ECM) via its N or Cterminal domains [4, 5] . By contrast, TIMP-1, -2 and -4 proteins were considered to predominantly exist in soluble form within the interstitial space of the ECM. However, it has since been shown that these proteins can also interact with cell surface proteins including CD63 and β-1 integrin [6] [7] [8] . The interaction of TIMP-3 with ECM proteoglycans is primarily mediated via its C-terminal domain. However, binding to the glycosaminoglycan heparin appears to be mediated via the N-terminus [9] . Of the four members of the TIMP family, TIMP-3 possesses the broadest range of inhibition, targeting all members of the MMP family and several of the ADAM and ADAMTs (a disintegrin and metalloproteases with thrombospondin motifs) family members. Independent of its inhibitory capabilities, TIMP-3 is also involved in promoting cell proliferation and regulating angiogenesis and apoptosis [1] . Here, experts from the fields of retinal disease and neuropathology have come together to consider the role of TIMP-3, whose myriad roles in diseases of the senescent retina and brain have not yet been examined collectively. We discuss new evidence from our respective laboratories as well as other groups, showing that TIMP-3 activities influence important processes such as tissue remodelling, amyloid-beta (Aβ) pathology and angiogenesis amongst others, and propose that further study could unravel new insights into complex degenerative diseases that have so far eluded effective treatment.
Assembly and Disassembly of ECM Molecules: The Dynamic Environment Outside Cells
The ECM is an acellular, protein-rich scaffold in which cells and tissues are embedded. The ECM not only provides structural support but also a dynamic environment in which biochemical and biomechanical cues directly regulate cellular activities such as homeostasis, cell differentiation and morphogenesis [1] . Insights into complex diseases including retinopathies and Alzheimer's disease (AD) can therefore be found by studying the ECM. The composition of the ECM is relatively heterogeneous; a key characteristic given the range of different tissues and organs it supports, with the ECM configuration ultimately determining the physical and biological properties of resident cells. The two main classes of macromolecules that constitute the ECM are proteoglycans and fibrous proteins. Proteoglycans are composed of long disaccharide chains called glycosaminoglycans (GAGs), covalently bonded to a central core protein. These complex and high molecular weight structures pervade the interstitial space of the ECM to form a gel-like composition, offering a unique buffering, hydration and binding environment that is resistant to mechanical force [10] . The main fibrous proteins of the ECM include collagens, fibronectins, tenascin, elastins and laminin. Collectively, these diverse groups of structural molecules facilitate an ECM capable of numerous complex functions [11] . Of the fibrous constituents of the ECM, the most abundant is collagen, comprising up to 30% of total protein mass and forming the principal structural component [10] . Its primary role is to facilitate tensile strength and biomechanical regulation through cellular adhesion, migration and chemotaxis. There are over 30 known collagen types, although not all are associated with the ECM. In general, a heterogeneous mix of collagen types are observed in the ECM, as in the case of the ocular Bruch's membrane (BrM), in which collagen type 1, 3-6 are found [12, 13] . The BrM supports the overlying retinal pigment epithelium (RPE) which demarcates the blood retinal barrier. However, in a given tissue, a single collagen type may predominate [10] . For instance, type IV forms the principal collagen in cerebral blood vessels, whilst type I collagen constitutes the main variety in bone [14, 15] . Collagen production is mostly regulated by interstitial fibroblasts; however, endothelial and epithelial cells have also been shown to be involved in this process [10] . Whilst a subset of cell types may constitutively regulate the synthesis and secretion of collagens for homeostatic purposes, other cells are geared towards responding to external cues. For instance, macrophages have been shown to secrete collagen type VIII in response to atherosclerotic plaques [16, 17] . Other ECM components include thrombospondins, cystatins and SPARC (secreted protein acidic and rich in cysteine), which are secreted by constituent cells, which regulate their surrounding environment [18] [19] [20] [21] . SPARC levels in RPE cells were shown to be elevated under ocular pathologies such as proliferative vitreoretinopathy (PVR). Our previous work showed that SPARC was processed through the ER/Golgi pathway and secreted via the RPE basolateral membrane, providing insights into its ECM activities [22] . We also demonstrated that the variant B form of cystatin C, associated with developing age-related macular disease (AMD) was mis-trafficked from the secretory pathway, linking retinopathy with biochemical changes to an ECM constituent [23, 24] . Direct interaction between ECM components and the surrounding cells is mediated via cell surface receptors including integrins, discoid domain receptors (DDRs) and proteoglycans [16] . The signals transmitted to cells from the ECM are relayed via chemokines, cytokines and growth factors that are embedded within the ECM and released to interact with receptors. Consequently, a process such as ECM disassembly does not solely serve to detach cells and remove matrix barriers during remodelling, but also releases sequestered signalling molecules by acting as a molecular repository [11] ( Figure 1 ).
Figure 1.
Composition and architecture of the extracellular matrix (ECM). Interactions between key ECM macromolecules including collagens, proteoglycans, laminin and fibronectin facilitates cellular activities such as maintaining homeostasis, differentiation and morphogenesis. ECM turnover is mediated by matrix metalloproteinases (MMPs), which are in turn inhibited by a family of protease inhibitors referred to as tissue inhibitor of metalloproteinases (TIMPs). Amongst the latter group, TIMP-3 feature prominently in the ECM as it binds to the matrix components via its N and C-terminal domains. Cells communicate with ECM components via transmembrane adhesion proteins called integrins which are expressed on their surfaces. A delicate balance between MMPs vs. TIMPs alongside other regulators are required for a healthy ECM.
The process of ECM disassembly associated with remodelling and disease is largely mediated by MMPs and ADAMS. There are 23 different MMPs in humans, which can be categorised into six groups, depending on their target substrate as well as sequence and domain homology; collagenases, gelatinases, stromelysin, metrilysins, membrane type MMPs (MT-MMPs) and other MMPs [16, 25] . MMPs are translated as an inactive zymogen, referred to as pro-MMPs, the majority of which subsequently become activated in the extracellular space following proteolytic cleavage by serine proteases or other MMPs. Of note, MMPs are only active at low levels under normal homeostatic conditions. However, during development, following injury or during chronic inflammation, their activity increases to enable remodelling and repair of the ECM [10, 26] . Gene regulation of MMPs is achieved by transcription factors including hormones and cytokines, as well as mechanical cues such as interactions of cells with the ECM or neighbouring cells [27] . ADAMs are protease enzymes related to MMPs, consisting of membrane-bound ADAMs and secreted ADAMTs [16] . Of the 22 ADAM genes in humans, 12 encode active proteins [26] . Whilst ADAMs primarily act as 'sheddases' which cleave transmembrane proteins to release their ectodomain (i.e., cytokines, growth factors and receptors), ADAM10, ADAM12 and ADAM15 are also capable of cleaving ECM proteins [26] . Members of the ADAMTs subfamily have pro-collagen activity which processes and deposits collagen into the ECM. The activities of MMPs and ADAMs are directly regulated by TIMPs, which bind to and inhibit the proteolytic ability of these proteases [1] .
In recent years, the emerging role of TIMP-3 in processes including inflammation, ECM modulation and cleavage of the amyloid precursor protein (APP) has substantiated the need to better understand its role in complex degenerative diseases such as macular dystrophies and Alzheimer's disease; a focus of study in our laboratories. TIMP proteins interact directly with the active site of MMPs by non-covalently binding and forming 1:1 stoichiometric ratio complexes [28] . It is important that the expression of TIMP and MMP proteins be tightly regulated to maintain the fine balance between ECM synthesis and degradation, which is critical for healthy tissues. In cardiomyopathy, imbalances in this relationship results in excessive ECM breakdown and collagen loss due to MMP-1 overexpression [29] . Conversely, a significant number of diseases are caused by fibrosis, whereby ECM production exceeds its degradation due to migration and proliferation of ECM-depositing fibroblasts and myofibroblasts. This type of an imbalance results in conditions such as pulmonary fibrosis and cirrhosis [26, 30, 31] . Other factors that play a role in ECM regulation include TGF-β, which remodel fibroblasts via the SMAD2-SMAD3 transcription complex and promote expression of ECM-related genes such as COL1A1 and TIMP-3, whilst suppressing the expression of the ECM-disassembling enzyme MMP-1 [28] . Disruption of the timely assembly and disassembly of ECM in the aging retina and brain can have significant consequence linked with blindness and dementia. For example, mutations in collagen are implicated in ocular abnormalities such as Knobloch's and Alport syndrome [32] , whilst TIMP-3 mutations are directly linked with Sorsby fundus dystrophy (SFD) [33] . In the brain, MMPs are associated with the degradation of Aβ plaques and inflammation as well as the regulation of cytokines and permeability of the blood brain barrier. Furthermore, expression of MMPs are increased in neurodegenerative disorders including AD [34] . Similarly, collagen VI expression levels are higher in the brains of AD mice models and in human AD patients [35] . Recent discoveries in cell biology and advances in modelling studies, alongside the development of new imaging tools, present new opportunities to consider these dynamic processes and the role of TIMP-3 in a new light.
TIMP-3 and Other ECM Changes in the Aging Retina
As early damage to the RPE is thought to play a key role in retinopathy, considerable efforts have been made to study ECM remodelling in response to age and disease in the underlying BrM. The RPE monolayer carries out many functions including the proteolytic degradation of photoreceptor outer segments (POS) from overlying photoreceptors and the recycling of components of the visual cycle as well as the transport of nutrients/metabolites to and from the outer retina. The RPE layer is supported by the acellular pentalaminar BrM, which is strategically positioned between this important tissue and the extraocular environment [12, 13, 36] . The BrM is a highly organised structure consisting of the basal lamina of the RPE, the inner collagenous layer (ICL), the elastin layer (EL), the outer collagen layer (OCL) and the basal lamina of the choriocapillary endothelium. Thus, the BrM forms both the substratum of the RPE cell layer at one interface as well as the vessel wall (i.e., outer extent) of the choriocapillaris on the other [12] . The structural composition of the BrM is designed to withstand mechanical alterations caused by changes in intraocular pressure and choroidal blood volume to which it stretches and reacts accordingly [12] . There is a linear increase in the thickness of BrM with age, beginning in the retinal periphery, which increases from 2 µm at birth to almost 5 µm by the tenth decade of life [37] . BrM thickening is observed in both the ICL and the OCL, although the latter thickens more prominently. Over time, BrM in the peripheral retina becomes thicker compared to BrM in the central retina (the macula) [12, 38, 39] , indicative of a fundamental imbalance in ECM assembly and disassembly with age. This is evidenced by an increase in collagen cross-linking with age, resulting in a dense collagen matrix that potentially limits accessibility to regulators such as MMPs and reducing collagen turnover in the BrM. Ultimately, this leads to changes in the BrM elasticity and its hydraulic permeability [13] . Furthermore, penetrability of water molecules across the BrM exponentially decreases with age, with the greatest rate of decrease observed in the macula compared to the retinal periphery. Interestingly, the greatest loss of permeability is observed earlier in life, prior to the accumulation of disease-linked debris in the BrM, implying that structural and molecular changes to the BrM may occur in advance of any obvious pathological changes [40] [41] [42] . Such debris, which are referred to as drusen, appear as electron-dense extracellular deposits between the RPE basal lamina and the ICL of BrM. These can be identified by colour fundus photography as yellow-white deposits, which are typically 30-300 µm in diameter, that are categorised as hard or soft drusen [12, 43] . Hard drusen are smaller, refractile deposits identified by their sharp edges and can be present in small numbers in non-diseased eyes of any age. However, the presence of many hard drusen is a risk factor for AMD [44] . Conversely, soft drusen are typically larger, form more diffuse deposits with less distinct edges and have the propensity to become confluent. Their appearance in the macula is associated with a high risk of developing retinal degeneration [44, 45] . Drusen consists primarily of lipids and proteins, including acute phase and C-reactive proteins, as well as components of the complement pathway and their inhibitors. The most abundant of these include TIMP-3, clusterin, vitronectin and serum albumin. Proteins in drusen may be further modified by age-related processes such as oxidative stress [46] . Another drusen constituent is the Alzheimer's-linked Aβ family of misfolding proteins, which is found in high levels in aged donor eyes with moderate-high levels of drusen and in eyes of AMD patients [47, 48] . The constituents of drusen are considered to derive from the RPE, photoreceptors and the choroid (endothelial, fibroblast and smooth muscle cells) as well as from serum. Based on mRNA expression data, a majority of drusen constituents were found to originate from serum (20%) and choroidal cells (32%), respectively [13, 49] . Lipids also accumulate in the BrM with age, particularly in the macula. These include phospholipids, triglycerides, fatty acids and free cholesterol [50] . Furthermore, age-related lipoprotein-like particles (LLPs) were reported to accumulate in significant amounts in the BrM. These typically vary in size from 60-100 nm, with LLPs as large as 300 nm observed as a result of LLP fusion [51] . In younger eyes (<40 years), LLPs were found to be localised to the EL and OCL and occupied only a small fraction of the space between fibrils. However, with age, LLPs were shown to occupy an increasing volume of elastin inter-fibrillar space and spread to the ICL, eventually forming a lipid sublayer between the ICL and the RPE basal lamina. The source of LLPs is thought to be predominantly RPE in origin, rather than the choriocapillaris, implied by the formation of the lipid layer only once the EL and ICL are filled with LLPs. This suggests that RPE plasma-derived lipoproteins are released into BrM accumulate beneath the basal lamina due to their inability to pass through the ICL and EL [13, 51] . Similarly, the source of LLPs is not believed to be derived from photoreceptor phagocytosis by RPE due to the significant presence of esterified cholesterol within BrM LLPs, which are absent from photoreceptors [52] .
Unsurprisingly, BrM pathology is associated with a number of retinal disorders including age-related macular degeneration (AMD), Sorsby fundus dystrophy (SFD), proliferative vitreoretinopathy (PVR), pseudoxanthoma elasticum and Marfan syndrome [12] . It is important to note that the appearance of drusen is not necessarily linked with disease but is rather an indication of normal aging. For instance, 90/100 healthy donors aged between 70 and 80 years were observed to have subclinical macular drusen [13] . Similarly, 65% of drusen proteins were found in drusen from both AMD and healthy patients, with only 33% being exclusive to diseased (AMD) eyes [46] . Consequently, differentiating between normal BrM ageing and BrM alterations linked with pathology can be challenging. However, once normal BrM ageing starts to affect the RPE and photoreceptor function, the transition to pathology may be considered to have begun [13, 38] . Considerable efforts have been made in the past to understand BrM changes in retinopathies [53, 54] . AMD, in which BrM changes feature prominently, affects~3% of individuals from mid-life onwards to encompass 1/3 of individuals by the eighth decade of life. Globally, 150 million individuals are affected by early-intermediate stages of AMD, which are largely asymptomatic but include drusen, with a further 10 million individuals suffering from sight-threatening late-stage forms of the disease [55] . Early AMD includes structural and physiological changes to the RPE-BrM complex, which is not always associated with sight loss. BrM pathology is a well-established trigger of AMD, which alongside advanced age, includes increased deposition of complement proteins, hydroxyapatite, modified lipids and Aβ amongst others [45, 48, [56] [57] [58] . Alterations to the synthesis and/or activities of TIMP-3 can also be added to this list, as our previous studies identified rare coding TIMP-3 variants (<0.1%) with a >30-fold increase risk of AMD compared to controls [59] . Patients with rare TIMP-3 risk alleles (some of which target the coding regions of the TIMP-3 protein) also had a greater association with other AMD risk alleles, suggesting that TIMP-3 variants contribute to late-onset development of the disease in combination with other susceptibility genes [59] [60] [61] [62] . Collectively, these findings support a model of local, chronic retinal inflammation and ECM changes that lead to well-established markers of pathology, including sub-RPE drusen (basal laminar and linear deposits), in early stages of AMD in at least some patients. These can progress to advanced or late-stage forms, which are classified as either 'wet' (choroidal neovascularisation: CNV) or 'dry' (geographic atrophy: GA) AMD. CNV is characterised by retinal detachment associated with choroidal angiogenesis; exudates from leaky vessels that compromise the blood-retinal-barrier and formation of fibrotic scar tissue in the macula. By contrast, GA results in a lesion corresponding to areas of photoreceptor and RPE atrophy; the terminal phenotype from aforementioned RPE-BrM early pathology in the macula [63] . Although CNV and GA are reported at similar frequencies [64] , patients with GA have no effective treatment. CNV, however, is currently managed in most patients with regular injections of vascular endothelial growth factor (VEGF) inhibitors, although there is evidence to suggest that the disease can switch to a GA phenotype after prolonged treatment in some cases [65] (Figure 2 ). In contrast to complex diseases such as AMD, in which TIMP-3 may play only a contributing factor, some mutations in TIMP-3 are strongly associated with a rare inherited autosomal dominant macula disease called SFD. The similarities between these two retinopathies are such that without genetic screening, those with SFD may be misdiagnosed as AMD patients. SFD is also the only example where a member of the TIMP family appears to be directly linked with a specific disease. SFD causes bilateral loss of central vision due to either RPE atrophy or CNV leading to photoreceptor loss and irreversible blindness. However, disease onset occurs earlier compared to AMD, between the fourth and sixth decade of life but can manifest considerably sooner, with symptoms in patients as young as thirty years old [66] . There are currently 18 known TIMP-3 mutations associated with SFD, with the majority occurring in the last exon of the TIMP-3 gene (the C-terminus of the protein). Interestingly, many of the mutations result in either a gain or loss of a cysteine amino acid. This is thought to promote the formation of intermolecular disulphide bridges with other mutated TIMP-3 proteins, resulting in TIMP-3 dimers or multimers that are resistant to turnover and clearance from the ageing BrM. Whilst this hypothesis has been supported by several studies [3, [67] [68] [69] , others have failed to observe the formation of TIMP-3 dimers [70, 71] . For instance, a recent study was unable to confirm the formation of dimers between p.S38C mutant TIMP-3 proteins. However, the study identified evidence for the formation of an aberrant intermolecular disulphide bond between Cys36 andCys38, although it remains unclear as to whether this facilitates a gain or loss of function [71] . The inconsistencies in mutant TIMP-3 dimerisation may be due to differences in the manner in which distinct TIMP-3 mutations affect the protein or due to differences in the way in which these studies were undertaken. An important point to note, however, is that not all TIMP-3 mutations result in a loss or gain of a cysteine, as some mutations generate lysine or arginine residues, or indeed a premature stop codon [68, 72, 73] . Consequently, it is unclear how the "dimer hypothesis" might account for the wide range of phenotypes reported in SFD patients. It is worthwhile noting that although TIMP-3 is expressed in different tissues, until recently there was no evidence to suggest these mutations caused pathology elsewhere in the body. It was thought that other members of the TIMP family might somehow compensate for any deficiencies of mutated TIMP-3. However, recent findings described two SFD families with a history of pulmonary disease, where individuals over 50 years in one family (carrying the TIMP-3 p.Y191C mutation) were diagnosed with severe emphysema. Similarly, both members of the second family (carrying the TIMP-3 p.S38C mutation) exhibited moderate bronchiectasis [74] . This suggests that some TIMP-3 mutations may be more severe compared to others, or indeed behave very differently than has been previously thought. Furthermore, this highlights the possibility that mutated TIMP-3 proteins could play a role in other systemic syndromes which had hitherto not been considered. The thickening of BrM, a key feature of both SFD and AMD, is thought to increase the relative distance between the choroid and the RPE, and thus potentially limit efficient exchange of nutrients and waste to and from the retina [12] . The lack of vitamin A transport brought about in this manner is thought to underlie night blindness reported by some SFD patients in early disease [33] . Other areas in which mutated TIMP-3 could influence pathology is the manner in which the protein regulates the availability of sequestered ECM signalling molecules to RPE and choroidal endothelial cells that in-turn will influence their behaviour. This, coupled with the different extents to which mutated TIMP-3 could regulate MMPs, is likely to add to the complexity of ocular pathology in SFD and AMD patients.
Role of TIMP-3 in the Ageing Brain
AD pathogenesis is driven in part by the presence of misfolding Aβ proteins [75] . The inability to adequately breakdown and/or efficiently remove cerebral Aβ leads to the accumulation of insoluble fibrils in the interstitial fluid that eventually form neurotic plaques [76] . This leads to a cascade of pathological events, including inflammation, synaptic dysfunction and neuronal loss [77] . Under normal physiological conditions, a homeostatic balance between Aβ production and clearance results in low Aβ levels in the brain extracellular fluid [78] . However, this balance is thought to become impaired with age, which increases the risk of developing AD in later life. The APP undergoes proteolytic processing via two alternative and competing mechanisms; the anti-amyloidogenic and the amyloidogenic pathways. The first of these involve cleavage of APP within the Aβ amino acid sequence by α-secretase, leading to the shedding of secreted APP (sAPPα) [77, 79] . In the amyloidogenic pathway however, β-secretase cleaves the Aβ sequence at the N terminal, releasing the large APP ectodomain which is further cleaved by γ-secretase, resulting in the formation of Aβ peptides [77] . The amyloid cascade hypothesis has historically occupied the centre-stage in AD [75] . There is, however, growing evidence to show that other factors including metalloproteinases and TIMP-3 also contribute to disease. For instance, ADAM10 and ADAM17 have been identified as APP α-secretases involved in the non-amyloidogenic pathway, with rare variants of these genes associated with AD [80] [81] [82] [83] . TIMP-3 is the only member of the TIMP family capable of inhibiting ADAM10 and ADAM17, which occurs by direct binding to a hydrophobic pocket on the surface of these proteins [84] . ADAM10 and ADAM17 compete with βand γ-secretases to cleave APP, and consequently through their inhibition, TIMP-3 plays an indirect role in regulating the amyloidogenic pathway and thus Aβ production. This was demonstrated in vitro, where the overexpression of TIMP-3 in neurons increased APP cleavage via βand γ-secretases resulting in increased Aβ production [85] . Evidence for a link between TIMP-3 and impaired cognition was demonstrated in behavioural tests of Timp-3 knock-out mice [86] . Increased TIMP-3 levels are also reported in brains of APP transgenic mice as well as in human AD brains where it associates with neurofibrillary tangles (NFTs) and neuritic senile plaques [85, 87] . Reduced ADAM10 levels were reported in cerebral spinal fluid of AD patients [88] , likely to be correlated with upregulated TIMP-3. However, circulating MMP-9 was also upregulated in plasma from AD patients [89] , which is at odds with elevated TIMP-3. It has been proposed that under certain pathological conditions, MMP expression is increased in response to elevated TIMP to promote the inhibitory binding of TIMPs to MMPs, and thus depleting the levels of unbound TIMP available for TIMP receptor-mediated signalling [90] . The mechanisms through which rare risk alleles or mutations in TIMP-3 influence its interactions with ADAM10 and ADAM17 as well as their subsequent cleavage of APP is currently unknown.
The accumulation of Aβ in the walls of capillaries and arteries as cerebral amyloid angiopathy (CAA) is a hallmark of AD [91] . In sporadic AD, this accumulation is mainly due to a failure of clearance of interstitial fluid and Aβ from the brain rather than overproduction of Aβ per se [92] . One of the key mechanisms for the elimination of solutes and Aβ from the brain is along the basement membranes of capillaries and arteries, as intramural periarterial drainage (IPAD) [93] . This process depends on the contraction of vascular smooth muscle cells and on the biochemical composition of the ECM that lines the vessel walls [94] . Consistent with aforementioned observations in the retina, changes in the ECM composition with age result in a thickening of the cerebral vascular basement membranes, with an increased ratio of proteoglycans vs. glycoproteins, which favours Aβ aggregation [95] . With these age-related changes of cerebral vessels, the processes driving IPAD fails, favouring the deposition of Aβ and the development of CAA [96] [97] [98] . Of note, proteomic studies in aged/CAA leptomeningeal arteries demonstrate a significant increase of TIMP-3, suggesting that regulation of the ECM is central to the pathophysiology of Aβ deposition in the cerebral vessels [99] . Cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy (CADASIL) is one of the most common inherited small vessel diseases of the brain, which is characterised by a loss of vascular smooth muscle cells and accumulation of ECM as granular osmiophilic material. The failure to clear these proteins is also central to the development of CADASIL [100] . Consequently, TIMP-3 dysregulation may contribute to the accumulation of ECM proteins and the worsening of vascular pathology in CAA [101] . TIMP-3 may therefore represent an attractive target for therapy in preventing the failure of the IPAD pathway (Figure 3) . 
Role of TIMP-3 in Retinal and Brain Inflammation
The retina and brain are considered immune-privileged sites, offering protection from typical inflammatory responses that occur against foreign and alloantigens in the rest of the body [102] . Nonetheless, chronic inflammatory responses lie at the heart of major diseases such as AMD and AD. Neuroinflammation in the CNS is mediated by cytokines such as tumour necrosis factor-α (TNF-α) that are secreted by microglia and astocytes. ADAM17, also known as TNF-α-converting enzyme (TACE), directly regulate levels of active TNF-α, one of the key players in initiating both local and systemic inflammation. ADAM17 cleaves the membrane-bound pro-TNF-α to its active form, which, once released, triggers a signalling cascade of other cytokines including interleukins and chemokines [4, 103] . As TIMP-3 is able to bind and inhibit ADAM17 activity, it could have wide-reaching effects related to TNF-α-mediated inflammation [104] . This is supported by studies in TIMP-3 knockout mice, which exhibit increased levels of TACE and TNF-α, and develop severe liver inflammation [104] [105] [106] . However, it is unclear how rare genetic variants and mutations in TIMP-3 may alter the protein's ability to inhibit TACE and thus limit TNF-α production. It is worthwhile noting that the upregulation of TIMP-3 and its association with NFTs in AD brains may be a compensatory mechanisms aimed at reducing inflammation through the downregulation of TACE [87] . Chronic inflammation may also be driven by mechanisms such as oxidative stress, which feature prominently in ocular pathology. The accumulation of partially digested POS in RPE cells and their modification to pathogenic intracellular aggregates such as lipofuscin is an accepted clinical endpoint in AMD. Such materials emit a distinct spectral signature, which can be quantified as fundus autofluorescence in patients [107, 108] . Lipofuscin has been shown to occupy 1% of RPE cytoplasmic volume in the first decade of life, which increases tõ 20% by the eighth decade of life [38] . A linear relationship has been established between BrM thickness and RPE autofluorescence, linking these two forms of pathology [109] . Moreover, the accumulation of lipofuscin is also associated with impaired lysosomal activity and triggering of local retinal inflammation, linking deficits in protein clearance with sub-RPE deposits and inflammation [110, 111] . Modification to lipofuscin by high levels of retinal photo-oxidation as well as by vitamin A leads to the formation of related intracellular material including pyridinium bis-retinoid A2E, malondialdehyde and 4-hydroxynonenal amongst others [112, 113] . Other mechanisms such as the MMP pathway, which is regulated by TIMP-3, has also been shown to contribute to the formation of pathogenic deposits in the ageing retina and brain [54] . The accumulation of lipofuscin in the RPE has been further shown to activate the complement signalling cascade and the secretion of pro-inflammatory cytokines as well as chemokines involved in chronic retinal inflammation [114, 115] . Oxidative stress can also directly activate TNF-α and other cytokines including IL-1β, IL-6, and IL-8 [116] . Exposure of RPE cells to these pro-inflammatory cytokines has been shown to downregulate the expression of genes that are critical for normal RPE functioning (RPE65, CDH1, RDH5) whilst upregulating genes (ZEB1 and SNAI1) associated with epithelial to mesenchymal transition (EMT) [117] . The EMT of RPE cells is associated with the development of sub-retinal fibrosis which contribute to sight loss in AMD; further evidence for the role of oxidative stress and inflammation in retinopathies [118, 119] . Aβ, which accumulates in aged eyes and in eyes with AMD [48] , is another potential source of retinal inflammation, and has been shown to disrupt the RPE barrier via direct and indirect mechanisms, including elevated production of reactive oxygen species, that results in diminished trans-epithelial resistance and barrier integrity [120, 121] . How these processes effect the regulation of ECM components such as TIMP-3 in the aged and diseased retina is still not fully understood.
TIMP-3 and Angiogenesis in the Retina and Brain
Angiogenesis is described as the process through which nascent blood vessels are formed from pre-existing vessels and is mediated by VEGF and its cognate receptors. Two forms of VEGF receptor have been identified; VEGF-R1 (FLT-1) and VEGF-R2 (KDR). VEGF-R1 has been shown to be crucial in the development of embryonic vasculature whilst VEGF-R2 is involved in endothelial cell development and proliferation [122] . TIMP-3 is capable of competitively inhibiting the binding of VEGF to VEGF-R2, blocking downstream signalling cascades and thus preventing VEGF-mediated angiogenesis. This important TIMP-3 function is believed to be independent of its ability to inhibit MMPs and shown to be mediated by the C-domain of TIMP-3 [122, 123] . Angiogenesis involves a multi-step process that requires increased vascular permeability, the disassembly of vessel walls, the degradation of the basement membrane, the migration and invasion of the ECM as well as endothelial cell proliferation [124] . The initial disassembly of the basement membrane and endothelial cell migration is mediated by MMPs. MMP-2 and MMP-9 have been specifically identified as important enzymes required for retinal angiogenesis, such as CNV, which is observed during terminal stages of neovascular AMD [125] . The role of TIMP-3 in inhibiting both VEGF and MMPs suggests that TIMP-3 dysregulation could result in increased CNV. This is supported by studies in TIMP-3 knockout mice, which exhibit increased MMP activity in the choroid as well as abnormal CNV characterised by irregular choroidal vessels with dilated capillaries. Tissues derived from these animals also show elevated angiogenic activity, which was attenuated in the presence of recombinant TIMP-3 [123] . Furthermore, studies in RPE cells show that TNF-α contributes to CNV via upregulation of VEGF through reactive oxygen species-dependent activation of β-catenin signalling [126] . Our recent work revealed that patients managed for polypoidal choroidal vasculopathy carried the p.S38C TIMP-3 mutation following subsequent genetic testing. [127] . Similarly, we found that another group of patients initially diagnosed with neovascular AMD carried the same p.S38C TIMP-3 mutation [128] . Collectively, our findings support the evidence from other laboratories [122, 129] which shows that mutations and/or impairment of TIMP-3 activity causes fundamental changes to the choroid. In AD brains, angiogenesis may also occur as a compensatory mechanism in response to impaired blood flow [130] . VEGF is a key factor in neuropathology, with studies showing that single nucleotide polymorphism in the VEGF promoter region is associated with a risk of AD and vascular dementia [131] . Moreover, the upregulation of the pro-inflammatory cytokine IL-1β has been shown to increase VEGF expression, suggesting a close relationship between inflammation and angiogenesis in AD [132] . In recent years, it has become evident that microglia, the immune cells of the brain, play a key role in the pathogenesis of AD [133] . VEGF and its receptor have been shown to be upregulated in microglia exposed to Aβ. It has been suggested that VEGF and VEGF-R play a role in maintaining the chronic inflammatory response at Aβ plaques and in modulating microglial chemotaxis [134] . Whilst increased VEGF immunoreactivity localised around Aβ plaques have been observed in AD patients, their serum VEGF levels were significantly reduced. However, the latter is associated with significantly increased risk of AD [135, 136] . Interestingly, elevated VEGF levels in cerebrospinal fluid were reported to be correlated with cognitive impairment, although another study found no difference between patients and controls [137, 138] . Our understanding of the role of TIMP-3 or indeed any effects of rare genetic risk alleles and mutations in TIMP-3 in these processes remain woefully inadequate (Figure 4 ). Figure 4 . The diverse roles of TIMP-3. TIMP-3 regulates extracellular matrix (ECM) remodelling through inhibition of matrix metalloproteinases (MMP). TIMP-3 is also involved in the processing of the amyloid precursor protein (APP) and Aβ production through inhibition of ADAM10 and ADAM17 (α-secretases). Furthermore, TIMP-3 can inhibit ADAM17 (also referred to as TACE), allowing indirect regulation of TNF-α production form its precursor form. TNF-α is a key mediator of inflammation and angiogenesis though upregulation of the vascular endothelial growth factor (VEGF). However, TIMP-3 can also directly influence angiogenesis, a key determinant of pathology in the late stages of age-related macular degeneration and Sorsby fundus dystrophy, by inhibiting binding of VEGF to its receptor VEGF-R2.
Concluding Remarks
A number of recent articles, including work from our laboratory, have discussed the biology of TIMP-3 and the pathology caused by mutations in this protein [33, 66, 71, 127, 139] . TIMP-3 functions extend beyond the ECM, targeting several other processes, including inflammation as well as angiogenesis in the senescent retina and brain. To our knowledge, the increase in TIMP-3 reported in AD brains has not been reported in other forms of neuropathology, suggesting a specific role for TIMP-3 in AD, possibly through Aβ [85, 99] . A question which has arisen frequently is why do mutations in TIMP-3 drive pathology so prominently in the retina, but not in other tissues to the same extent? This was partly answered by an important finding, which showed that individuals carrying the TIMP-3 p.Y191C mutation presented with bronchiectasis and emphysema before developing SFD [74] . This discovery prompted SFD patients attending ophthalmology clinics at Southampton to be screened for any respiratory abnormalities by a specialist. So far, our SFD cohort, which carry the p.S38C and p.S204C mutations, show no evidence of respiratory defects. However, these findings point towards the intriguing possibility that not all TIMP-3 mutations are equal, and that some in fact may result in a more severe phenotype compared to others. This likelihood is also supported by the fact that the age of disease onset varies considerably between SFD patients carrying different TIMP-3 mutations [33] . In contrast to this direct link between TIMP-3 mutations and SFD, the association between TIMP-3 and AMD is less well defined. Our data, which contributed to findings by the International AMD Genomics Consortium, reported a rare (<0.1%) association between TIMP-3 and other AMD risk alleles [59] . This suggests that rare genetic variants in TIMP-3 (which include changes to the TIMP-3 coding region), alongside other AMD risk alleles, contribute to AMD in a synergistic manner. Intriguingly, why certain TIMP-3 variants convey increased AMD risk but do not cause SFD is unclear. Perhaps this may be related to the relative location of these rare variants (effect on TIMP-3 protein structure) and/or potential effects in the BrM and choroid (ECM regulation, inflammation etc. that were discussed in this review), which as a whole may be less severe in AMD compared to monogenetic-driven Sorsby pathology.
In an attempt to understand TIMP-3 biology and the effects of its mutations, investigators have developed several mouse models, with varying degrees of success. TIMP-3 knockout mice developed irregular choroidal vessels with dilated capillaries and showed increased MMP activity in the choroid. These mice also exhibited increased TACE and TNF-α levels alongside severe liver inflammation [106, 140] . However, it is worthwhile noting that, in its absence, other TIMPs may play an ameliorating role, which makes it challenging to delineate a protein-specific pathology. An alternative was to develop a knock-in model, which was created by expressing the TIMP-3 S156C mutation. By 8 months, these mice developed abnormalities in the BrM and RPE, which were evident to some extent in wildtype littermates but only at the advanced age of 30 months. Transgenic mice also showed normal retinal function. Collectively, the pathology observed in TIMP-3 S156C mice supported the current theory of site-specific excess (lack of sufficient TIMP-3 turnover) rather than an absence or deficiency of functional TIMP-3 [69] . Although these models have yielded useful insights, the lack of a robust ocular phenotype consistent with SFD has nevertheless been disappointing. These issues have also cast a shadow on how useful mouse models in general might be for studying TIMP-3 pathology in the brain. The lack of an anatomical macula in rodents as well as potential differences in the ECM turnover rates, immune responses and lifespans between rodents and humans or a combination thereof may account for this. Fortunately, recent advances in molecular biology, imaging technology and in vitro modelling may offer an elegant way forward to study TIMP-3 specific pathology. Induced pluripotent stem cell (iPSC)-RPE from SFD patients cultured for 90 days on transwell inserts spontaneously developed sub-RPE deposits [141] ; a hallmark of early pathology. These electron-dense aggregates were significantly numerous in iPSC-RPE cultured from SFD patients compared to those from healthy controls. Furthermore, these deposits, which varied between ≤0.3 and ≥0.51 µm in size, displaced the basolateral RPE membrane and were rich in neutral lipids as well as drusen components ApoE, CryaA/CryaB and TIMP-3. Alongside an upregulation of the complement pathway genes in SFD iPSC-RPE, elevated levels of collagen IV were also observed under pathogenic RPE cells [141] .
Consequently, this in vitro model recapitulated several key features of TIMP-3 pathology highlighted in this discussion. The use of cell culture models combined with the use of powerful new imaging techniques can therefore offer the prospect of elucidating TIMP-3 pathology that underlies irreversible sight loss and dementia. Studies of this kind are currently underway in our respective laboratories.
